Introduction {#s1}
============

Chronic sleep loss has been associated with increased daytime sleepiness, as well as impairments in memory and attentional processes [@pone.0059007-Roehrs1]--[@pone.0059007-Gumenyuk1]. Nevertheless, chronic short sleep despite a need for more sleep (regularly sleeping ≤6 h) is an increasingly common condition in modern society due to professional demands, social and technological availability, and domestic responsibilities [@pone.0059007-Knutson1].

A previous study looking at the cumulative effect of chronic sleep restriction on changes in measures of sleepiness and neurobehavioral performance found that the first two days of restricted sleep (5--6 h time in bed \[TIB\]) increased sleepiness significantly relative to 7--8 h TIB, and performance decrements in reaction time showed significant changes after the second day of sleep restriction. The deficits continued to grow throughout the final day of the sleep restriction study, albeit in a negatively accelerating fashion [@pone.0059007-Dinges1]. In habitual short sleepers (sleep episode \<6 h), the evidence of higher homeostatic sleep pressure for "non-REM sleep" was demonstrated [@pone.0059007-Aeschbach1]. All these findings suggest that *cumulative sleep loss* produces a decrement in behavioral performance and alertness and is likely to be experienced by people who are habitual short sleepers in the general population [@pone.0059007-Kamdar1]. The neuronal mechanism of these processes is not yet known.

There are a number of electrophysiological and imaging studies that address the changes in brain activity associated with total and partial sleep deprivation. In an electrophysiological study evaluating the effect of sleep restriction from 8.29 h to 5.38 h TIB on measures of waking arousal (defined by EEG power of theta and low/high alpha frequencies), a reduction of power of waking EEG on the frontal sites was observed after the first night of sleep restriction, and subsequent linear effects of sleep loss on EEG power at central and parietal brain regions were observed in healthy subjects for the following 7 days [@pone.0059007-Cote1]. In our previously published study [@pone.0059007-Gumenyuk1], we demonstrated that habitual short sleep (\<6 h) is associated with a deficit specifically in the frontal neuronal mechanism of auditory novelty processing, evaluated by the fontal-central distributed and attention-dependent event-related brain potential (ERP) component (P3a) in healthy volunteers.

In a sleep deprivation study, it was found that 40 hours of sleep deprivation produced an increase in power density of delta and theta activity over frontal EEG derivations relative to parietal and occipital areas in young healthy subjects [@pone.0059007-Cajochen1]. An ERP study done by Gosselin et al. [@pone.0059007-Gosselin1] demonstrated the effects of total sleep deprivation on novelty processing in an attended (subjects actively attended to the sounds) sound stream. Their finding showed a significant reduction of P3a amplitude after total sleep deprivation, specifically over frontal brain areas, in healthy participants. A positron emission tomography study by Thomas et al. [@pone.0059007-Thomas1] demonstrated that 24 hours of sleep deprivation produces global decreases in activity across many brain areas, with larger reductions in the activity of the thalamus, prefrontal, and posterior parietal cortices. It is important to note that these areas of the brain are involved in attention and memory functions. Furthermore, a study done by Drummond and colleagues [@pone.0059007-Drummond1] demonstrated the impact of sleep deprivation on both psychomotor performance and on the "default mode network," which consists of the frontal and posterior brain regions essential for attention. Based on the relatively large number of sleep deprivation studies and sleep restriction studies looking at neuronal network changes, there is clear evidence supporting the impact of sleep loss on broad areas of the brain, but primarily on frontal areas, which affect waking functions, particularly the domain of attention. Studies addressing the impact of sleep loss on neuronal activity related to the domain of attention are necessary due to the unclear elucidation of the neurophysiological mechanisms of functional deficits caused by sleep restriction.

In the present study, we evaluated the neuronal changes of a pre-attentive process which does not rely on participant\'s motivation and behavioral performance, but involves activation of the brain regions essential for inhibition and attention [@pone.0059007-Lijffijt1] which are negatively impacted by sleep loss. The filtering out of redundant sensory information is a neurophysiological process operated pre-attentively (automatically), involving subcortical and cortical brain structures. This process is referred to as "gating" and is a fundamental brain function -- it prevents our sensory neuronal system from becoming overloaded by irrelevant information and thus enables the brain to perform higher order cognitive processes [@pone.0059007-McGhie1]. In the auditory modality, the process of gating has been assessed in a number of studies utilizing the P50 auditory event-related potential (ERP), recorded from the vertex at a latency of ∼50 ms in response to a pair of click-stimuli (termed S1 and S2). The P50 is a complex consisting of two subsequent components: Pb1 (peaking ∼50 ms) and Pb2 (peaking ∼70 ms from stimulus onset) (Yvert et al., 2001). The amplitude ratio between the P50 response to the S1 stimulus and the P50 response to the S2 stimulus is an electrophysiological marker of sensory gating. The amplitude difference between S1 (conditioning stimulus) and S2 (testing stimulus, [@pone.0059007-Adler1]) indicates the "sensory gating" process: the less the difference, the lower the gating. In normal healthy subjects, it was found that during wakefulness, the P50 elicited by S2 is decreased in amplitude compared to the P50 elicited by S1; this is due to inhibitory processes that act on redundant information [@pone.0059007-Adler1], [@pone.0059007-Clementz1]. A gating deficiency may be a result of deficits in subcotrical and cortical neuronal inhibition and may lead to over-stimulation of the attentional network [@pone.0059007-Adler1].

The deficit of gating has been largely observed in clinical studies involving psychiatric [@pone.0059007-Boutros1], [@pone.0059007-Freedman1] and neurological [@pone.0059007-Buchwald1]--[@pone.0059007-Uc1] patients. Importantly, these psychiatric and neurological disorders are often marked by comorbid sleep disorders. In patients with a sleep disorder (e.g., insomnia), P50-gating also has been shown to exhibit amplitude reduction as compared to normal healthy subjects [@pone.0059007-Hairston1], [@pone.0059007-Milner1]. While it has been shown that sensory gating can be used for evaluation of the neuronal changes associated with the dysregulation of the sleep--wake cycle and attentional disturbances in neurological patients [@pone.0059007-Uc1], [@pone.0059007-Hansotia1], [@pone.0059007-Wiegand1], at this time there are no studies demonstrating the association between reduction of sleep time and possible changes in the characteristics (i.e., amplitude and latency) of pre-attentive sensory gating in healthy subjects.

Studies examining the neuronal source underlying gating found that neuronal activation associated with this neurophysiological process is primarily mediated by the prefrontal and auditory cortices, with additional potential contributions from the thalamus (intracranial ERP [@pone.0059007-Korzyukov1] and fMRI [@pone.0059007-Mayer1]). Earlier studies demonstrated that at least one of the generators of the P50 is located in the pedunculopontine nucleus, which is one of the main components of the ascending reticular-activating system (RAS) [@pone.0059007-Buchwald2], [@pone.0059007-GarciaRill1]. Thus changes in the characteristics of gating might indicate disturbances in arousal and sleep-wake regulation by the RAS, which is known to be active during wake and rapid eye movement (REM) sleep and less active during slow-wave sleep [@pone.0059007-Steriade1].

Finally, the relation between reduced vigilance and reduced gating is supported by studies showing suppression of gating amplitude by sedative drugs. Specifically, the cholinergic antagonist scopolamine [@pone.0059007-Buchwald2], and exogenous melatonin [@pone.0059007-Ucar1] have both been shown to reduce gating amplitude in normal healthy subjects. On the other hand, a stimulant, such as the adenosine antagonist theophylline, significantly increased the P50 amplitude ratio between both S2 and S1 in healthy subjects [@pone.0059007-Ghisolfi1]. A separate study with caffeine demonstrated correlation between dose of caffeine and P50 sensory gating in healthy subjects: subjects who consumed a lower dose of caffeine showed a lower amplitude P50 in response to S2 [@pone.0059007-Ghisolfi2].

In the current study, we hypothesized that healthy individuals with habitual short total sleep time (\<6 h), but without complaints of excessive sleepiness or insomnia, will nonetheless exhibit a reduction in auditory sensory gating amplitude (expressed by gating difference wave (GDW)) relative to that of normal sleeping subjects (7--8 h habitual sleep time). It was also hypothesized that one week of extended time in bed (∼8.4 h) would increase their waking auditory sensory gating comparable to that of healthy normal sleeping subjects. Thus the primary endpoint of this study was the gating responses as measured from difference waves (Gating Difference Wave or GDW) obtained by subtracting the averaged waveform to S2 stimuli from the averaged waveform to S1 stimuli.

Methods {#s2}
=======

Participants {#s2a}
------------

All subjects reported no history of sleep disorders or sleep-wake complaints, and were working or attending school on a typical daytime schedule (∼0800--1700 hours, Monday -- Friday). Ten healthy self-reported habitual short sleepers (SS) and 9 healthy self-reported normal sleepers (NS) were recruited from Henry Ford Health System to participate in our study. SS were individuals whose average total sleep time (TST) on a self-reported two-week sleep diary was 5.0--6.0 hours, and who also had a bedtime between 2100 and 0100, a time to sleep onset of less than 30 minutes, and a wake time between 0600 and 0900. Individuals who responded to our advertisement as self-reported SS, but did not fulfill these criteria, were disqualified from the study. NS are defined as individuals whose average TST on a self-reported two-week sleep diary was 7--8 hours/night. None of the participants reported insomnia or excessive sleepiness as determined by clinical interview and Epworth sleepiness Scale (ESS) scores (less than 10) as well as an Insomnia Severity Index scores (less than 10). Thus, despite being asymptomatic for excessive sleepiness, our habitual short sleeping individuals obtained less than the recommended 7--8 hours of habitual sleep per night which is necessary to prevent cumulative deterioration in performance in a variety of cognitive tasks [@pone.0059007-Belenky1].

The ERP data of two participants from the SS group and one participant from the NS group were contaminated by massive blink and movement artifacts and were therefore excluded from analysis. Thus, ERP and sleep data of eight short sleepers (age: \[mean ± SD\] 38.3 yrs ±11.5 yrs, 6 F) and 8 normal sleeping individuals (age: 29.5 yrs ±13.1 yrs, 5 F) are presented. All subjects were right handed, with normal hearing and vision, and free of psychiatric and neurological conditions. All participants were required to pass a health screening, which included a physical examination and an interview with a clinical psychologist specialized in sleep medicine. Participants were also required to score accordingly on the following questionnaires: Epworth Sleepiness Scale (ESS) less than 10 [@pone.0059007-Johns1], Insomnia severity Index (ISI) less than 10 [@pone.0059007-Bastien1], no indication of sleep apnea on the Berlin questionnaire (each participant endorsing less than 2 categories on the Berlin indicating low risk for obstructive sleep apnea (OSA) [@pone.0059007-Netzer1], and healthy mental state on the Profile of Mood States questionnaire (POMS) [@pone.0059007-McNair1]. All subjects were free of medications for a minimum of 2 weeks prior to study participation. Study entry criteria included non-smokers and caffeine use ≤300 mg/day.

The study was approved by the IRB committee of the Henry Ford Health System. Prior to taking part in the study, all participants were informed about the study and provided written consent. Participants were compensated for their participation.

Groups {#s2b}
------

Participants were not significantly different for age (*t = 1.4; p\<0.24*). They were assigned by their self-reported average total sleep time on a two-week sleep diary to each group as NS or SS. Habitual total sleep time was confirmed during the physical evaluation. Additional inclusion criteria are noted above (see participants).

Sleep Conditions {#s2c}
----------------

The sleep conditions (habitual and extended) were counterbalanced in habitually short sleeping participants and performed for one week prior to the EEG/ERP assessment. A week of habitual time in bed was required between the 2 sleep conditions in order to "wash out" the effect produced by extended time in bed for each short sleeper, and monitored using a sleep diary. In the extension condition, the TIB was determined as follows: participants were asked to go to bed earlier by 1 h from their average 2-week diary bedtime and delay their habitual wakeup time by 1 h. The ERP assessment was performed on the last day after each sleep condition week (normal sleep and habitual short and extended sleep).

Event-related potential recording procedure and analysis {#s2d}
--------------------------------------------------------

The ERP recording session was performed between 14∶00 and 16∶00 hours. The ERPs were recorded using a 64 EEG-channel cap (10--20 system, Easy Cap, Gilching, Germany) and an ASA-EEG system (ANT, Netherlands). All participants were pre-screened with a brief hearing test using standard procedures prior to the ERP study. The two forehead electrodes (Fp1 and Fp2) as well as one left (F7) and one right (F8) served to monitor eye movement artifact during EEG recordings. Impedance was kept \<10 kΩ. A band-pass filter was set from 0.1 to 100 Hz, and the sampling rate was 1024 Hz.

Stimuli {#s2e}
-------

During a recording session, 100 pairs of two identical tones (clicks) (S1 and S2; sinusoidal waves, frequency 1500 Hz, Gaussian envelope, duration 4 ms, onset and decay phase of 1.2 ms each) were presented (intensity 75dB) binaurally via headphones with an interstimulus interval of 500 ms and an interpair interval of 8 sec [@pone.0059007-Zouridakis1]. The VAPP system (<http://nrc-iol.org/vapp/>) was used for generating and presenting auditory stimuli.

All participants were seated comfortably in a sound-attenuated room in the sleep center, and asked to ignore all presented sounds. A silent movie, chosen by the participants, was used to help subjects follow task instructions to "ignore the auditory stimuli and to direct their attention to the movie with subtitles."

EEG data were analyzed using Brain Vision Analyzer software (Brain Products GmbH, Gilching, Germany). ERP data were segmented separately for stimulus 1 and stimulus 2, starting with 100 ms prior to stimulus onset and continuing for 70 ms after the stimulus onset. A band-pass filter ranging from 1 to 50 Hz was applied to segmented data. Trials in which the EEG exceeded ±70 μV were excluded from the analysis. ERPs in response to S1 and S2 stimuli were averaged separately. On average, more than 80 trials for each click were included for each individual\'s grand average. Baseline correction (100 ms pre-stimulus interval) was applied to the averaged data.

The P50 response was measured from the averaged waveform to the S1 (first) stimulus of the pair as the largest positive polarity peak within the range of 40--60 ms from stimulus onset at the Cz electrode for each subject. To evaluate the potential differences across subjects in P50 peak amplitude to the first stimulus, the peak amplitude of the P50 response was compared between and within groups by ANCOVA, where age was used as a covariate factor.

The gating responses were measured from difference waves (Gating Difference Wave or GDW) obtained by subtracting the averaged waveform to S2 stimuli from the averaged waveform to S1 stimuli. The GDW was computed by point-to-point subtraction of the S2 waveform from the S1 waveform. We used the GDW to isolate a portion of the brain activity that is elicited by the presentation of the second stimulus in the pair, and to distinguish the process of gating from processes underlying the P50 generation [@pone.0059007-Korzyukov1], [@pone.0059007-Mayer1]. The lower amplitude of the GDW indicates a poor gating process. *3-way ANOVAS* were used for comparison of the GDW difference (mean amplitude across the 10 ms time window around the peak of GDW) between groups (\[NS *vs*. hSS\] and \[NS vs. eSS\], across frontal (F3, Fz, F4)/central (C3, Cz, and C4), and parietal (P3, Pz, and P4) \[frontality\] and left (F3, C3, and P3)/central (Fz, Cz, and Pz)/right (F4, C4, and P4 \[laterality\] locations). In a within-group (chronic short sleepers) analysis, *3-way ANOVAS* were used to evaluate differences of the GDW between sleep conditions \[habitual vs. extended\], across frontality and laterality locations. Age was included as a covariate in analysis.

In all statistical analyses using ANCOVA, Greenhouse-Geisser corrections were applied when appropriate. Significant main effects were further tested by Newman-Keuls post hoc testing.

Sleep diary data from each group was compared by *independent group t*-*tests*, whereas the sleep diary data corresponding to each sleep condition was compared *by dependent samples t-tests*; all results are presented in [Table 1](#pone-0059007-t001){ref-type="table"}.

10.1371/journal.pone.0059007.t001

###### One Week -- Sleep Diary (Mean ± SD) Obtained from Normal Sleepers, Habitual Short Sleepers, and Extended Sleep Condition.

![](pone.0059007.t001){#pone-0059007-t001-1}

                                         Short Sleep    Normal Sleep   *P-value (SS vs. NS)*   Extended Sleep   *P-value (SS vs. ES)*
  ------------------------------------ --------------- -------------- ----------------------- ---------------- -----------------------
  **Bed Time**                          2338 (3h30m)    2330 (2h10m)           0.72             2223 (1h19m)            0.39
  **TIB (hr)**                           6.18 (0.38)    7.92 (0.52)           0.0001            8.42 (0.25)            0.0001
  **TST (hr)**                           5.92 (0.41)    7.53 (0.30)           0.0002            7.93 (0.35)            0.0002
  **LTS (min)**                          10.2 (5.2)      17.7 (7.5)            0.03              17.6 (7.1)             0.005
  **SE (%)**                             95.7 (2.0)      95.0 (2.5)            0.54.             94.2 (2.3)             0.12
  **Number of Awakenings per night**      0.9 (0.6)      0.7 (0.5)             0.42              1.5 (1.7)              0.17
  **Duration of Awakenings (min)**        5.1 (4.8)      6.1 (8.7)             0.71             14.3 (14.7)             0.15
  **Naps (min)**                         6.07 (9.4)      13.2 (2.5)            0.51              3.30 (4.7)             0.25
  **Caffeine Intake (mg)**              252.8 (198.3)     85 (79)              0.04            257.4 (229.7)            0.85

TIB  =  time in bed, TST  =  total sleep time, LTS  =  latency to sleep, SE  =  sleep efficiency.

Results {#s3}
=======

Normal sleep vs. Short sleep {#s3a}
----------------------------

Neither group was significantly different in terms of subjective sleepiness (ESS \[mean ± SD\] 6.1±1.7 \[NS\] *vs*. 4.6±3.0 \[SS\], *t = 1.21; p = 0.24*) or insomnia (ISI 4.5±2.4 \[NS\] *vs*. 4.6±3.7 \[SS\], *t = −0.78; p = 0.98*).

### Sleep diary {#s3a1}

[Table 1](#pone-0059007-t001){ref-type="table"} presents the data from the sleep diary and indicates that habitual TST was significantly shorter in the SS group than in normal sleepers at baseline as required by group assignment (5 h 55 m ±0.4 *vs*. 7 h 32 m ±0.3; *t = 6.81, p\<0.01*). Time in bed was significantly shorter as well in the SS (6 h 11 m ±0.38) compared to NS subjects (7h 55m ± 0.52) (*t = 6.76, p\<0.01*). In addition, there was a longer latency to sleep onset in the NS group than in SS group (17.7 min *vs*. 10.2 min, *t = 2.29; p\<0.04*) suggesting increased sleep drive associated with the short sleep duration.

There was no significant difference between groups in sleep efficiency, number and duration of awakenings, and frequency and duration of naps ([Table 1](#pone-0059007-t001){ref-type="table"}). However, caffeine intake was significantly higher in the SS group than in NS subjects (means 252 vs. 85 mg, respectively; *t = −2.21; p\<0.04*), providing further indication of habitual sleep restriction in this group.

### P50/GDW in Normal sleep vs. Short sleep {#s3a2}

[Figure 1](#pone-0059007-g001){ref-type="fig"} presents the means and SD of the peak amplitude of P50 responses elicited by S1 obtained from the NS and SS groups. Comparison between groups revealed that the peak amplitude of P50 to S1 in NS (\[mean ± SD\] 1.36 µV ±0.8 µV) was not significantly different from that in the SS group (0.8 µV ±1.0 µV) (*F(1.13) = 1.36; p = 0.23*). [Figure 2](#pone-0059007-g002){ref-type="fig"} illustrates the grand averages of P50 ERP waveforms to S1 and S2 in NS and SS groups.

![The means and SDs for peak amplitude of the P50 response at Cz electrode to click-sound S1 for each group (NS, SS) and sleep condition (hSS and eSS).](pone.0059007.g001){#pone-0059007-g001}

![Grand average of the P50 waveforms corresponding to S1 (black line) and S2 (red line) obtained from normal sleeping (NS) and habitual short sleeping (hSS) individuals.\
Illustration of changes in P50 amplitude after one week of sleep extension in habitual short sleeping (eSS) individuals is on the bottom of the figure.](pone.0059007.g002){#pone-0059007-g002}

As illustrated in [Figure 3A](#pone-0059007-g003){ref-type="fig"}, the GDW showed lower mean amplitude in the SS group compared to that of the NS group. The analysis of the main effect of Group \[mean ± SD\]: 0.32 µV ±0.55 µV \[SS\] vs. 0.8 µV ±0.10 µV \[NS\] *F(1.13)  = 6.34; p\<0.02*) confirmed that GDW in SS was significantly lower relative to that in NS when all 9 electrodes were combined. There were no other significant main effects.

![Group average difference waveforms corresponding to gating difference waveform (GDW) obtained from normal sleepers (NS), habitual short sleeping subjects (SS) after their habitual sleep (hSS) and extended sleep (eSS).\
(B) Topographic scalp distribution of GDW for each group and sleep condition. The open circles on the maps indicate the electrodes selected for comparison of the GDW amplitude and statistical evaluation. The selected time latencies corresponding to the largest peak of the averaged GDW waveforms calculated for each group and sleep condition. The red color indicates the positive polarity and the blue color indicates the negative polarity of the GDW waveform.](pone.0059007.g003){#pone-0059007-g003}

The results of the group × laterality interaction (*F(2.28)  = 4.68; p\<0.02*) showed that the reduction of GDW amplitude in the SS group was due to a lower amplitude of GDW over the left hemisphere and over central-midline sites relative to that in the NS group (\[F3, C3, and P3\] 0.01 µV vs. 0.6 µV, respectively: post hoc test *p\<0.05*) and (\[Fz, Cz, and Pz\] 0.3 µV vs. 1.2 µV, respectively; *p\<0.01*), (see [Figure 3B](#pone-0059007-g003){ref-type="fig"}, topographical map of scalp distribution of GDW). There were no other significant interactions observed.

Habitual Short Sleep vs. Extended Sleep {#s3b}
---------------------------------------

### Sleep diary {#s3b1}

[Table 1](#pone-0059007-t001){ref-type="table"} summarizes the sleep diary data obtained from subjects after their habitual sleep and a week of sleep extension. There were significant differences between sleep conditions for time in bed as required by the protocol (6 h 11 m ±0.38 \[hSS\] *vs.* 8 h 25 m ±0.25 \[eSS\], *t = −16.2; p\<0.01*). In addition to that, total sleep time was significantly increased (5 h 55 m ±0.41 \[hSS\] *vs*. 7 h 32 m ±0.30 \[eSS\], *t = −13.9; p\<0.01*), as was latency to sleep onset (10.2 m ±5.2 m \[hSS\] *vs.* 17.6 m ±7.1 m \[eSS\]; *t = −4.01; p\<0.03*; (see [Table 1](#pone-0059007-t001){ref-type="table"})). Objective confirmation of the differences in total sleep time recorded on the diary for the SS was made using a newly validated portable EEG sleep monitoring device [@pone.0059007-Shambroom1]. Specifically, SS obtained 5.6 h ±0.55 min of total sleep time during their week of habitual sleep and 7.9 h ±0.35 min of total sleep time during their week of extended sleep (*t = −2.26; p\<0.001*). The number and duration of awakenings increased in the extended TIB condition, but were not significantly different between the two sleep conditions (see [Table 1](#pone-0059007-t001){ref-type="table"}).

### P50/GDW in Habitual Short Sleep *vs*. Extended Sleep {#s3b2}

As illustrated in [Figures 1](#pone-0059007-g001){ref-type="fig"} and [2](#pone-0059007-g002){ref-type="fig"}, the P50 response to S1 was not significantly different between sleep conditions in habitual short sleepers at the Cz electrode (0.8 µV ±0.4 µV \[TST  = 5 h 55 m\] *vs.* 1.2 µV ±0.9 µV \[TST  = 7 h 32 m), *(F(1.7) = 0.84; p = 0.3*)), suggesting that perception of the first click for both conditions was similar.

[Figure 3A](#pone-0059007-g003){ref-type="fig"} shows the increase in amplitude of the GDW after sleep extension relative to the habitual short sleep condition (1.03 µV ±0.5 µV *vs*. 0.33 µV ±0.2 µV, respectively). The analysis of the main effect of the TIB conditions confirmed that this difference is statistically significant (*F(1,7) = 15.989, p\<0.005*) when all 9 electrodes were combined. There were no other significant main effects observed.

The sleep condition × frontality interaction analysis confirmed that sleep extension significantly increased the amplitude of GDW over frontal and central brain areas (0.9 µV \[eSS\] *vs*. 0.2 µV \[hSS\] across F3, Fz and F4; *p\<0.002*; and 1.2 µV \[eSS\] *vs*. 0.3 µV \[hSS\] across C3, Cz and C4, *p\<0.001*), with a minimal and non-significant difference in GDW amplitude over parietal areas between sleep conditions. [Figure 3B](#pone-0059007-g003){ref-type="fig"} illustrates the voltage map of differences for the GDW corresponding to hSS and eSS sleep conditions. The greatest difference in GDW mean amplitude distribution (coded by red) is present over left frontal and central areas between sleep conditions. However, there is a minimal difference between the topographical scalp distribution of GDW corresponding to eSS and NS. No other interactions were significantly different.

### P50/GDW in Short sleep after 1 week of sleep extension *vs*. Normal sleep {#s3b3}

In order to evaluate the differences between normal sleepers *vs*. short sleepers after sleep extension for the peak amplitude of the P50 response and corresponding GDW, the following comparisons were performed. The peak of the P50 to S1 in normal sleepers was not significantly different from the peak of the P50 to S1 in short sleepers after sleep extension \[1.3 µV ±0.8 µV vs. 1.2 µV ±0.9 µV, *p = 0.6)*, see [Figure 1](#pone-0059007-g001){ref-type="fig"}.

Analysis of the main effect of group did not reveal significant differences between mean amplitude of the GDW corresponding to normal sleepers (1.2 µV when all 9 electrodes were combined) and short sleepers after sleep extension (0.9 µV when all 9 electrodes were combined) *(F (1,14) = 1.29; p = 0.3)*.

The analysis of the main effect of laterality revealed significant differences for the smaller amplitude of the GDW over left and the right hemisphere (collapsed across F3, C3 and P3\[left\] and across F4, C4 and P4\[right\] electrodes) compared to the GDW measured at central electrodes (collapsed Fz, Cz and Pz) *(F(2,28) = 3.66; p\<0.04)*. The mean amplitude of GDW between left and right hemispheres was not statistically different (0.6 µV \[left hemisphere\] *vs*. 0.8 µV \[right hemisphere\]) when the two groups were combined.

There was no statistical significance observed for the analysis of the main effect for frontality or any interactions.

Discussion {#s4}
==========

The present study provides new evidence for waking auditory sensory gating deficits in habitual short sleepers who appear to be sleep restricted. Among insomnia subjects, relative to normally sleeping individuals, research has demonstrated reduced gating only during *wakefulness*, but not during stage 2 and REM sleep [@pone.0059007-Milner1]. Our finding, consistent with study of Milner and colleagues, supports the fact that habitual short sleep (∼6 hrs/night) negatively affects pre-attentive processes during wakefulness, probably due to an increased level of homeostatic sleep pressure even in individuals who do not report their sleepiness. It is important to recognize that many patients with disorders of daytime sleepiness deny being sleepy. The same is true for chronic insufficient sleep in the absence of a primary sleep disorder [@pone.0059007-Balkin1].

A higher level of homeostatic sleep pressure measured by theta/low alpha frequencies during wakefulness was demonstrated in *short sleepers* compared to *long sleepers* (TST \>9 h) in a study by Aeschbach and colleagues [@pone.0059007-Aeschbach2]. The reduction of gating found in our habitual short sleepers may be related to increased homeostatic sleep pressure. These data also show that chronic short sleepers had higher caffeine consumption relative to normal sleeping subjects. However, the reduced gating may suggest the presence of a sleep deficit and associated neurophysiological deficit in the habitual short sleepers. It is possible that habitual short sleepers use caffeine as an alertness-enhancing agent to behaviorally regulate their basal sleepiness which they may not recognized [@pone.0059007-Kamdar1], [@pone.0059007-Balkin1]. The reduced amplitude of the gating in habitual short sleepers in our study is objective evidence of a neuronal deficit associated with short total sleep time. Additionally, it was previously found that caffeine is able to modulate the amplitude of the auditory sensory gating in healthy volunteers [@pone.0059007-Ghisolfi2].

The present results show that one week of extended time in bed led to increased total sleep time from 5.92 h to 7.93 h in habitual short sleepers as assayed by a sleep diary. Although only 8 subjects per groups were used in the present study, the GDW effect sizes assessed here were generally quite robust (effect sizes of 0.50 (NS vs. hSS) can be considered as "moderate," and 0.90 (hSS vs. eSS) as "strong"; see [@pone.0059007-Cohen1]). The amplitude of the gating was increased from 0.3 µV to 1 µV, in habitual short sleepers which was similar to the amplitude of the gating in normal sleeping subjects. Maximum enhancement of the gating amplitude after extended sleep was observed over frontal and central electrodes compared to parietal electrodes, suggesting a positive effect of sleep extension on fronto--central brain regions. Moreover, the largest reduction of the gating amplitude was observed over the left hemisphere and central areas in habitual short sleepers compared to that of normal sleepers, suggesting a higher vulnerability of the left hemisphere to sleep loss. Based on previous research, it is known that the gating response is primarily mediated by the auditory cortex and prefrontal cortex [@pone.0059007-Korzyukov1], [@pone.0059007-Mayer1]. Previous magnetoencephalography (MEG) studies indicate that the M50 (P50 EEG) component from the left auditory cortex is predictive of both psychophysical and neuropsychological measures of preattentional and attentional functioning and may be more useful at distinguishing between healthy and clinical populations [@pone.0059007-Hanlon1]--[@pone.0059007-Thoma2]. In these studies, the reduced gating ratio derived from the left auditory cortex M50 component is correlated with lower P50 EEG gating and with impaired neuropsychological measures of attentional functioning [@pone.0059007-Thoma1]. However, none of these correlational relationships existed for the right auditory cortex. These results suggest that there may be an increased left hemispheric specialization for sensory gating processes which is impacted by habitual sleep restriction. In our study, the habitual short sleepers demonstrated a reduction of gating over the left hemisphere but not the right hemisphere. Importantly, sleep extension improved gating in habitual short sleepers to the level of normal sleeping individuals, although "complete" normalization of the entire network may require more than one week of sleep extension. It was shown that two weeks of sleep extension was associated with alertness improvement in normal subjects [@pone.0059007-Roehrs1], [@pone.0059007-Roehrs2] more effectively as compared to the alertness improvement following one week of extended sleep.

What is the functional significance of reduced waking sensory gating? Functionally, attention is impacted by sleep loss, and the gradual decline of attention measured by prolonged reaction time associated with the build-up of homeostatic sleep pressure has been proposed as a *behavioral biomarker of sleepiness* [@pone.0059007-Balkin1]. The neurophysiological brain mechanisms of changes in the distributed attentional network from a state of *alertness* to a state of *sleepiness* will require further investigation. It has been hypothesized, however, that the origin of this gradual increase in reaction time and attentional lapses in response to sleep restriction might be explained by momentary shifts (probably by inhibitory mechanisms) between centers of the sleep (e.g., hypothalamus, thalamus and brainstem) [@pone.0059007-Saper1] and wakefulness systems [@pone.0059007-Doran1], [@pone.0059007-Durmer1] resulting in "state instability" [@pone.0059007-Doran1]; for review see also [@pone.0059007-Banks1]. Interestingly, the disappearance of P50 during slow wave sleep and reappearance of this component again during REM and wakefulness suggests that, functionally, at least some of the neuronal generators of P50 are related to arousal state [@pone.0059007-Erwin1], [@pone.0059007-Kisley1]. Thus, the importance of P50-gating studies on individuals with reduced sleep time is that we can determine the neuronal changes associated with sleep reduction that may lead to dysregulation of the sleep--wake cycle and potentially result in attentional deficits. Since the GDW is computed as a difference between brain activity in response to S1 and S2, therefore it reflects the difference in the brain activity during processing of S1 and S2 stimuli. The GDW is different between groups presumably because the network underlying GDW is impacted by sleep loss in one group and normally functioning in normal sleepers. A previously published study suggested that neuronal activity underlying the GDW might be located within frontal lobe circuitry [@pone.0059007-Korzyukov1], [@pone.0059007-Mayer1]. Therefore, it is reasonable to hypothesize that the difference in GDW between groups is related to differences in frontal lobe neuronal activity. Obviously, further study of source localization of P50 gating is needed to evaluate the brain locations related to GDW in sleep deprived individuals. The association between sleep duration and the amplitude of sensory gating suggests that the measurement of GDW is a potentially useful *brain biomarker of homeostatic sleep pressure*. This possibility awaits further investigation using objective measures of homeostatic sleep pressure and sleepiness such as the multiple sleep latency test and spectral analyses of slow frequency EEG bands, especially in pathological populations with increased sleep drive.

Conclusion {#s5}
==========

The primary comparison showed evidence of impaired auditory sensory gating in habitual short sleeping individuals, measured by P50 ERP. Neurophysiologically, habitual sleep restriction is associated with the inability to filter out extraneous sensory information. However, extended sleep may reverse this effect and normalize the amplitude of the auditory sensory gating process in healthy subjects during wakefulness.
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